Prenatal beta-endorphin as an early predictor of postpartum depressive symptoms in euthymic women. 
Introduction
Postpartum depression (PPD) is a common mood disorder that affects as many as 19% (7% for major PPD alone) of women within the first three months postpartum (Gavin et al., 2005) . It has many of the same symptoms and consequences as non-puerperal depression. In at least two ways, however, PPD is unique: It adversely affects the cognitive, behavioral and emotional development of the newborn (Beck, 1998; Feldman et al., 2009; Grace et al., 2003) , and it is preceded by physiological changes unique to pregnancy and parturition that may underlie vulnerability to postpartum mood disorders (Halbreich, 2005a; Hochberg et al., 2003; Payne et al., 2009 ).
Well-established risk factors for PPD include a history of stress, depression, and anxiety; a history of pre-and postnatal depression; lack of social support; and low self-esteem (Beck, 2001; O'Hara, 2009; Robertson et al., 2004) . Endocrine risk factors for PPD have been identified as well, including a history of premenstrual syndrome and oral contraceptive induced mood changes (Bloch et al., 2003; Bloch et al., 2006) as well as pregnancy-and parturition-related hormonal changes (Halbreich, 2005b; Hochberg et al., 2003; Yim et al., 2009 ).
We recently reported that accelerated placental corticotropin-releasing hormone (pCRH) increases around 25 weeks' gestational age (GA) are predictive of PPD symptoms (Yim et al., 2009 ). Postpartum depression is a multifactorial disorder, and it is unlikely that pCRH is the only marker during pregnancy that has the potential to serve as an early predictor. The opioid peptide β-endorphin, a 31 amino-acid long fragment of the pro-opiomelanocortin (POMC) molecule, is associated with the activity of the stress-sensitive hypothalamicpituitary-adrenal (HPA) axis. After stimulation with hypothalamic CRH, it is co-released with adrenocorticotropic hormone from the anterior pituitary (Guillemin et al., 1977; . In addition, CRH has been shown to modulate β-endorphin release through immunological pathways (Carr et al., 1990; Likar et al., 2007; Matejec et al., 2009) . During pregnancy, β-endorphin is synthesized in the placenta (Ng et al., 1996) , but its likely source in maternal peripheral blood is the pituitary (Chan and Smith, 1992) .
There are at least two reasons why β-endorphin has potential as an early marker of PPD symptoms. First, β-endorphin synthesis undergoes dynamic changes throughout pregnancy with highest levels during labor, and rapid decreases after delivery (Browning et al., 1983; Chan and Smith, 1992; Chan et al., 1993; Lindow et al., 1996; McLean et al., 1994; Raisanen, 1988; Smith et al., 1990) . Second, in addition to its well-characterized analgesic and euphoria-inducing properties (Amalric et al., 1987; Foley et al., 1979) , β-endorphin hyperactivity has previously been associated with non-puerperal depression in some (Akil et al., 1993; Goodwin et al., 1993; Kennedy et al., 2006; Navines et al., 2008; Risch, 1982) but not all studies (Cohen et al., 1984; Djurovic et al., 1999; Gerner and Sharp, 1982) . One potential explanation for these inconsistent results is that β-endorphin may be elevated in some subtypes of depression but not in others.
Few studies have empirically addressed the possibility that β-endorphin is predictive of PPD, and existing work examined the association of β-endorphin late in pregnancy with depressive symptoms in the first postnatal week, thus likely capturing symptoms of "postpartum blues", a milder and usually transient condition. These studies yielded inconsistent results, suggesting positive (Smith et al., 1990) , negative, (Newnham et al., 1984) , or no associations (Brinsmead et al., 1985) .
Because previous research provided some evidence that β-endorphin is associated with symptoms of non-puerperal depression and postpartum blues, the dynamic changes in β-endorphin that occur throughout pregnancy could be useful in identifying women at increased risk for the development of PPD symptoms. The aim of the present study is to explore this possibility.
Methods

Participants
Participants were selected from a larger sample of 509 women with a singleton, intrauterine pregnancy (Davis et al., 2005; Ellman et al., 2008; Glynn et al., 2007; Sandman et al., 2006; Yim et al., 2009 ). This sample was recruited at the University of California, Irvine Medical Center and the Cedars-Sinai Medical Center in Los Angeles, California. Women were followed starting early in pregnancy into the postnatal period with serial measures of biological and psychosocial markers. Exclusion criteria in the larger study were non-English speaking, age less than 18 years, any condition that could affect neuroendocrine function such as endocrine, hepatic and renal disorder or the use of corticosteroid medications, and drug or alcohol abuse within six months before the index pregnancy.
The present sample comprised the 307 women who delivered at term (GA > 37 weeks) and had completed the questionnaire assessing PPD symptoms. At the time of delivery, mean (SD) age was 30.3 (5.3) years. The sample included 48.9% non-Hispanic White, 20.2% Hispanic White, 10.1% African-American, 9.1% Asian, and 11.7% multi-ethnic or other. The majority of women were married (75.9%), almost all had completed high school (98%), and about half (49.5%) had a college degree. Reported annual household income ranged from less than $5,000 to more than $100,000, with the median income in the $60,000 -$70,000 range. All pregnancies resulted in live-births (49.2% female infants). Deliveries were 73.6% vaginal and 26.4% cesarean section. Mean (SD; range) birth weight was 3,526g (510; 1,790 -5,796) and mean gestational length was 39.4 (1.2; 37.0 -42.3) weeks. The majority of women had no previous live-born children (57.8%). Nine participants (2.9%; 3 with and 6 without PPD symptoms) reported the use of antidepressant medication during pregnancy. There was no significant association between antidepressant use and PPD symptoms (χ 2 =.17, n.s.) or beta-endorphin levels at any time point (all t < 1.77, n.s.), and antidepressant use is therefore not considered further.
Overall Procedure
Blood samples were obtained during pregnancy at a mean (SD; range) of 15.3 (.97; 12.3 -17.0), 19.3 (.78; 17.0 -21.9 ), 25.0 (.86; 23.1 -28.9), 31.0 (.74; 28.9 -33.9) and 36.7 (.70; 35.1 -39.3) weeks' GA and at 9.0 (3.8; 3.0 -30.0) weeks postpartum for assessment of β-endorphin. On study days, women were instructed to refrain from caffeine intake and exercise, and no potentially stressful study procedures were scheduled before the blood draw. The blood sample was always drawn in a quiet environment. The time of day of the blood draw varied between 8:14 am and 6:30 pm. Depressive symptoms were assessed at the last four pregnancy visits and again postpartum. The first study visit at 15 weeks' GA was optional and data is available for 147 women. At the remaining time points data is available from 303/ 297 (β-endorphin / depressive symptoms) women at 19 weeks' GA, 301/276 women at 25 weeks' GA, 302/300 women at 31 weeks' GA, 274/275 women at 37 weeks' GA and 300/ 307 women at the postpartum visit. Complete data for β-endorphin was available from 258 women; of these, 125 also participated in the optional visit at 15 weeks' GA. Written consent was obtained from all women. This study was approved by the Institutional Review Boards of participating institutions.
Hormone Assessment
A 25-mL blood sample was obtained by antecubital venipuncture and drawn into EDTAtreated test tubes (Vacutainers; Becton Dickinson and Company, Sumter, South Carolina). Samples were chilled on ice and spun for 15 minutes at 2,000 g. The plasma was then decanted into polypropylene tubes containing 500 kallikrein inhibitor units/mL of aprotinin (Sigma-Aldrich Corp, St. Louis, Missouri) and stored at −70°C until assayed.
Plasma levels of β-endorphin were determined by a direct solid phase two-site immunoradiometric assay (IRMA) using antibodies against synthetic human β-endorphin (Nichols Institute Diagnostics; San Juan Capistrano, California). The antiserum has 16% cross-reactivity with beta-lipotropin at 500 pg/mL and has <0.01% cross-reactivity with related opiates at 5 µg/mL. The β-endorphin IRMA measures intact β-endorphin1-31 in a radiolabeled soluble sandwich complex bound to two antibodies with high affinity and specificity for β-endorphin coupled to a solid bead matrix. Briefly, plasma samples (200 µL) were incubated in duplicate with an antibody coated bead and 125-I-labeled antiserum (100 µL) for 20+1 hours at room temperature. The beads were then washed twice with phosphate buffered saline and aspirated to dryness. Radiolabeled antibody complex bound to the solid phase was measured using an ICN Biomedical (formerly Micromedic) Isoflex Gamma Counter. The calculated assay sensitivity was 5.7 pg/mL with intra-and inter-assay variations of 4.2% and 8.3%, respectively. All plasma β-endorphin values were interpolated from a modified standard curve enriched with two additional low level standards using a four-parameter logistics program (Rodbard and Hutt, 1974) .
Assessment of Depressive Symptoms
Symptoms of depression during pregnancy were assessed with a 9-item version of the Center for Epidemiological Studies -Depression (CES-D) scale (Santor and Coyne, 1997) . On a 4-point scale, participants indicated how often they experienced each symptom during the past week. Validation analyses show higher associations with the Structured Interview for DSM-III-R when items are rescored categorically (Santor and Coyne, 1997) . Thus, each item was scored 0 if option 0 or 1 was endorsed, and was scored 1 if option 2 or 3 was endorsed, resulting in a possible range of scores from 0 to 9. The suggested cutoff score for at least minor depressive symptoms is 4 or more. This scale has good internal consistency (Kuder-Richardson formula 20 = 0.87), and correlates highly with the original scale (r = 0.97).
At the postpartum visit, participants completed the 10-item Edinburgh Postnatal Depression Scale (EPDS) (Cox et al., 1987) , a scale specifically developed to assess PPD symptoms. Participants indicated how often they experienced a symptom in the past week on a 4-point scale. Total scores ranged from 0 to 30. A cutoff score of 10 or more has been suggested for studies including minor depression (Cox et al., 1987; Matthey et al., 2006) . The scale has good reliability (split-half, 0.88; standardized α: 0.87).
Statistical Methods
β-Endorphin was log transformed to reduce skewness. Changes of β-endorphin and CES-D scores across study visits were tested with a series of paired samples t-tests. Pearson Product moment correlations were performed to test for associations between β-endorphin levels and depressive symptoms. Time of day of blood draw was covaried, and in no case changed the significance of the results.
Four binary logistic regressions (19, 25, 31 and 37 wks' GA) were conducted with β-endorphin levels and CES-D scores as predictors and PPD symptoms as the outcome (1 = PPD, 0 = no PPD). In
Step 2, the β-endorphin X CES-D interaction was entered into the model to test for a moderation effect of prenatal depression. The model fit (χ 2 ), the change in model fit (χ 2 change), and the strength of the association (Nagelkerke R 2 ) are reported. Wald statistic was used to test for the significance of individual independent variables. These analyses were not possible for the 15-week time point, because no CES-D scores were available.
At gestational time points when the β-endorphin X CES-D interaction was significant, the sample was split into women with and without depressive symptoms, based on the suggested CES-D cutoff score. Binary logistic regressions were computed for both subgroups with β-endorphin as the predictor and PPD symptoms as the outcome (1 = PPD, 0 = no PPD).
Receiver operating characteristic (ROC) curves were computed at each time point with β-endorphin as the test variable and PPD symptoms as the outcome. Areas under the ROC curve (AUCs) were calculated. The AUC values can range from 0.5 to 1.0, with 1.0 indicating a perfect test. The Youden index (sensitivity + [specificity-1]) was computed to obtain the optimal cutoff score for β-endorphin. Odds ratios were calculated to compare the likelihood to develop PPD symptoms in women whose β-endorphin levels were above versus below the cutoff score.
A series of ancillary analyses (2-tailed, independent samples t-tests, χ 2 -tests) revealed no significant associations between sociodemographic (ethnicity, marital status, education, household income) or pregnancy-related variables (birth weight, length of gestation, infant gender, mode of delivery, parity) and PPD symptoms (all p > 0.18), with the exception of maternal age, t(304) = 2.51, p = 0.01. However, including maternal age into the analyses did not change the significance of the results. In addition, maternal age was not associated with β-endorphin at any time point (all r = −0.01 -0.04, p > 0.48), and results are presented without controlling for maternal age. At the postpartum visit, no association was found between PPD symptoms and the number of weeks since delivery, t(298) = 1.50, p = 0.13.
Results
As expected, β-endorphin levels increased significantly between each assessment during pregnancy, all t > 4.22, p < 0.001, and then dropped sharply after delivery, t (267) Table 1 ). To explore the interaction effect, the sample was split into women with (symptomatic women: n = 56) and without symptoms of depression (euthymic women: n = 207) at 25 weeks' GA. Twenty six (46.4%) of the symptomatic women and 35 (16.9%) of the euthymic women proceeded to develop PPD symptoms. In euthymic women, higher β-endorphin levels predicted PPD symptoms (χ 2 = 7.65, p = 0.006, Nagelkerke R 2 = 0.06; Wald = 7.15, p = 0.008). The association between β-endorphin levels and PPD symptoms was not significant in symptomatic women (χ 2 = 2.05, p = 0.15, Nagelkerke R 2 = 0.05; Wald = 1.95, p = 0.16). Of note, no overall group differences in β-endorphin levels at 25 weeks' GA were found between symptomatic (1.50 pg/mL) and euthymic (1.52 pg/mL) women, t(257) = 0.79, p = 0.43.
β-Endorphin levels of women who were euthymic at 25 weeks' GA were then assessed across pregnancy. Women who proceeded to develop PPD symptoms had higher levels of β-endorphin at each time point during pregnancy compared to women who did not develop PPD symptoms, all t > 2.11, p < 0.05 (Fig 1a) . This finding is of clinical significance because it suggests that among women who are euthymic at 25 weeks' GA, β-endorphin levels at any time point in pregnancy may provide useful information about a woman's risk of developing PPD symptoms. No differences in β-endorphin levels were found post partum, t(201) = 1.43, p = 0.16. Among women who were symptomatic at 25 weeks' GA, no significant differences in β-endorphin levels were observed at any time point during pregnancy or postpartum, all t < 1.83, p > 0.08 (Fig 1b) .
ROC analyses were computed for each time point in pregnancy including only women who were euthymic at 25 weeks' GA (Table 2) . Area under the ROC curves ranged between 0.63 and 0.65 (15 wks p = .11; all other ps = .01 -.02). Ideal cut-off scores were computed for each time point, and women with β-endorphin levels above the cut-off score were at more than three-fold risk (odds ratios 3.19 -4.68) to develop PPD symptoms compared to women whose values fell below the cut-off score (Table 2) .
Binary logistic regression analyses were also conducted for the assessments at 19, 31 and 37 weeks' GA. However, at these time points only CES-D scores emerged as significant predictors of PPD symptoms (all Wald = 18.84 -23.09, all ps < 0.001). No significant main effects of β-endorphin (all Wald = 0.03 -3.50, p > 0.06) were observed, and inclusion of the β-endorphin X CES-D interaction did not improve the models (all χ 2 change < 1.38, p > 0.24).
Discussion
Our study suggests that among women who are euthymic at 25 weeks' GA, increased β-endorphin levels at any time point during pregnancy are associated with a more than threefold increase in the risk of developing PPD symptoms. Thus, there is an at-risk group of women who show no overt symptoms of depression in mid-pregnancy (and thus cannot be identified with self-report questionnaires), but display indications of altered HPA axis regulation, as evidenced by a more pronounced pregnancy-induced increase in β-endorphin levels.
Increases in β-endorphin can be the result of an impairment of the negative feedback system controlling HPA axis activity (Akil et al., 1993) . Impaired HPA feedback regulation has previously been described in healthy individuals at high risk for affective disorders (Holsboer et al., 1995) , suggesting that HPA dysregulation may precede the onset of affective disorders. The subgroup of women described here may be particularly vulnerable to HPA-induced mood changes, and the substantial decrease of β-endorphin levels after delivery may put these women at risk. This may particularly implicate β-endorphin and not other HPA axis hormones because it is an opioid peptide with euphorigenic properties. A similar effect was not found for women who were symptomatic at 25 weeks' GA. The importance of identifying endophenotypes that underlie pathophysiological processes specific to subtypes of PPD has previously been emphasized (Nemeroff, 2008) . In line with this idea, our findings suggest that β-endorphin plays an important role in the development of PPD symptoms only among women who are euthymic in mid-pregnancy.
Importantly, depressive symptoms had to be assessed at 25 weeks' GA to detect this effect, adding to our previous reports that have identified this time in mid-gestation as a possible window of vulnerability for adverse postnatal maternal and infant outcomes (Davis et al., 2005; Yim et al., 2009) . Future studies should systematically investigate the antecedents and consequences of mid-pregnancy alterations in hormones of the HPA-placental axis.
Previous studies on β-endorphin as a predictor of "postpartum blues" in the first few days after delivery were inconclusive (Brinsmead et al., 1985; Newnham et al., 1984; Smith et al., 1990) . Our study is different from these reports because we assessed (i) the trajectory of β-endorphin throughout gestation, and (ii) PPD symptoms nine weeks after delivery and not postpartum blues within the first postnatal week. To our knowledge, only one other study aimed to relate β-endorphin to PPD symptoms at eight weeks postpartum, and that study suggests a lack of association (Brinsmead et al., 1985) . However, that study was based on 19 participants, and only considered the change in β-endorphin from 38 weeks' GA until the fourth postnatal day.
A notable limitation to this study is that we assessed depressive symptoms by self-report questionnaire. Therefore, our findings should be replicated using further diagnostic instruments, discriminating between subtypes of depression and considering the role of anxiety, as these distinctions have been shown to be of importance with regard to HPA axis function in perinatal depression (e.g., Heron et al., 2004; Kammerer et al., 2006) . In addition, although we did control for depressive symptoms in the pregnancy, we have no information about life-time history of depression. While it is likely that the effects of current depressive symptoms are stronger than any additional variance explained by a history of depression, the importance of this variable as a predictor of PPD symptoms is evident (Beck, 2001; Robertson et al., 2004) , and should be included in future studies. Finally, it should be noted that β-endorphin was measured in maternal plasma, and is not necessarily reflective of central opioid activity (Baker et al., 1997 ).
The present study in a large cohort of women has important implications. First, we found that the opioid peptide β-endorphin predicted PPD symptoms in women who are euthymic at 25 weeks' GA. Thus, β-endorphin may play an important role in the pathophysiology of PPD symptoms in this subgroup of women. Moreover, this finding, if replicable, indicates that among the clinically interesting group of women who are euthymic and are therefore not easily diagnosed as at risk, a blood draw at any time during pregnancy may assist in identifying women at risk of developing PPD symptoms. β-Endorphin and Postpartum Depression in Women who are Euthymic (A) or Symptomatic (B) at 25 Weeks' Gestational Age. Note: Odds Ratio computed as: odds for PPD in women below cutoff divided by odds for PPD in women above cutoff score
